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Edited by Robert B. RussellAbstract Iron dependent regulator, IdeR, regulates the expres-
sion of genes in response to intracellular iron levels inM. tubercu-
losis. Orthologs of IdeR are present in all the sequenced genomes
of mycobacteria.We have used a computational approach to iden-
tify conserved IdeR regulated genes across the mycobacteria and
the genes that are speciﬁc to each of the mycobacteria. Novel iron
regulated genes that code for a predicted 4-hydroxy benzoyl coA
hydrolase (Rv1847) and a protease dependent antibiotic regula-
tory system (Rv1846c, Rv0185c) are conserved across the myco-
bacteria. AlthoughMycobacterium natural-resistance-associated
macrophage protein (Mramp) is present in all mycobacteria, it is,
as predicted, an iron-regulated gene in only one species,M. avium
subsp. paratuberculosis. We also observed an additional iron-reg-
ulated exochelin biosynthetic operon, which is present only in non-
pathogenic Mycobacterium, M. smegmatis.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Iron is a cofactor for many enzymes and essential for growth
of bacteria [1,2]. However, iron can also act as a potential cat-
alyst of oxidative stress in bacteria. High amount of iron levels
in a bacterium is countered by inducing synthesis of proteins
involved in iron storage and oxidative stress defense to protect
against iron-mediated oxidative damage [3,4].
Iron limitation leads to the growth restriction of many spe-
cies of mycobacteria including Mycobacterium tuberculosis,
which causes tuberculosis in humans [5]. Iron is an obligate
cofactor for at least 40 diﬀerent enzymes encoded in the M.
tuberculosis genome.
In pathogenic bacteria, many virulence factors and iron
acquisition systems are regulated by iron dependent transcrip-
tion regulators [6]. There are two such regulators identiﬁed in
M. tuberculosis, ferric uptake regulator (furA) and Iron depen-
dent regulator (IdeR).Abbreviations: M. tuberculosis, Mycobacterium tuberculosis; M. avium
subsp. paratuberculosis, Mycobacterium subsp. paratuberculosis; M.
smegmatis, Mycobacterium smegmatis; DtxR, Diphtheria toxin repres-
sor; IdeR, Iron-dependent regulator; RPS-BLAST, reversed position
speciﬁc-basic local alignment search tool; EMSA, electrophoretic
mobility shift assay
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doi:10.1016/j.febslet.2006.03.090IdeR is a global regulator of iron response and belongs to the
diphtheria toxin repressor (DtxR) family of transcription regu-
lators [7]. Electrophoretic mobility shift assay (EMSA) and
DNA footprinting analysis have lead to the identiﬁcation of
IdeR binding sites in upstream sequences of genes that code
the proteins that are involved in biosynthesis of siderophores
(MbtA, MbtB, MbtI), aromatic amino acids (PheA, HisE,
HisG), lipopolysacaharide molecules (Rv3402c), lipids (AcpP),
Peptidoglycan (MurB) and others annotated to be involved in
iron storage (BfrA, BfrB) [8,9]. DNA microarray analysis of
iron-dependent transcriptional proﬁles of wild-type and IdeR
mutant ofM. tuberculosis has lead to the identiﬁcation of variety
of other genes that code for the proteins like putative transport-
ers (Rv0282, Rv0283, Rv0284), members of the glycine-rich PE/
PPE family (Rv2123), membrane proteins involved in virulence
(MmpL4, MmpS4), transcriptional regulators, enzymes in-
volved in lipid metabolism (Rv1344, Rv1345, Rv1346,
Rv1347) and amino acid metabolism (TrpE2, PheA) [10].
Orthologues of IdeR are present in all the sequenced gen-
omes of mycobacteria. In this paper, we attempt to identify
common and unique iron regulated genes in genomes of M.
leprae, M. avium subsp. paratuberculosis and M. smegamatis.
We applied a computational genomics tool – Predictregulon
to identify the IdeR binding motifs and operon context of that
motif [11]. Previously reported IdeR binding sites from M.
tuberculosis were used to generate a recognition proﬁle based
on Shannon relative entropy, which was used to predict poten-
tial IdeR sites in sequenced genomes of mycobacteria. Further
we have also predicted the other co-expressed genes that are
potentially part of IdeR regulated operons. A sample of pre-
dicted motifs in M. smegmatis was experimentally veriﬁed by
EMSA using recombinant M. tuberculosis IdeR.2. Materials and methods
2.1. In silico identiﬁcation of IdeR binding sites
Published and annotated genome sequences of M. tuberculosis, M.
leprae and M. avium subsp. paratuberculosis were downloaded from
NCBI ftp site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/). Unpublished
genome sequence of M. smegmatis was downloaded from TIGR site
(http://pathema.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi). The
known IdeR binding sites collected from the literature [8,9] were used
to built IdeR binding site recognition proﬁle and identify the IdeR
binding sites as well as target genes in all the genomes of mycobacteria,
using a method described previously [11,12].
2.2. Cloning, expression and puriﬁcation of M. tuberculosis IdeR
pQE30 expression vector (Qiagen) with an N terminal 6· His tag
was used to clone the ORF Rv2711 of M. tuberculosis that encodes
IdeR. Brieﬂy, Rv2711 was taken out from pRSET IdeR construct
[13] with speciﬁc restriction enzyme sites (BamH1 and HindIII) andblished by Elsevier B.V. All rights reserved.
Table 1
Known IdeR binding sites from M. tuberculosis
Binding site Gene
CAAGGTAAGGCTAGCCTTA Rv1519
TTATGTTAGCCTTCCCTTA Rv3403c
TTAACTTAGGCTTACCTAA Rv3839
TTAGGCAAGGCTAGCCTTG Rv1343c
CAAGGCTAGGCTTGCCTAA Rv1344
TATGGCATGCCTAACCTAA Rv1347c
TTCGGTAAGGCAACCCTTA Rv1348
ATAGGTTAGGCTACCCTAG Rv2122c
CTAGGGTACCCTAACCTAT Rv2123
AGAGGTAAGGCTAACCTCA Rv3402c
TTAGTGGAGTCTAACCTAA Rv1876
GTAGGTTAGGCTACATTTA Rv2386c
CTAGGAAAGCCTTTCCTGA Rv3841
TTAGCTTATGCAATGCTAA Rv0282
TTAGGCTAGGCTTAGTTGC Rv0451c
TTAGCACAGGCTGCCCTAA Rv2383c
TTAGGGCAGCCTGTGCTAA Rv2384
2568 S. Yellaboina et al. / FEBS Letters 580 (2006) 2567–2576the insert was cloned into the corresponding sites of pQE30 expression
vector. Escherichia coli M15 cells transformed with the 6· His tagged
chimeric construct were grown in 400 mL of LB medium supplemented
with 100 lg/ml of ampicillin and 25 lg/ml of kanamycin. IPTG
(0.2 mM) was added to a mid log phase culture. The cells were kept
in an incubator shaker for another eight hours at 27 C and 200 rpm
to allow protein expression. Then, cells were harvested by centrifuga-
tion and resuspended in 10 ml of lysis buﬀer (50 mM NaH2PO4,
300 mM NaCl and 10 mM imidazole, pH 8) with 1 mM PMSF and
disrupted using a sonicator. After a second round of centrifugation
for 10 min at 10000 · g, the supernatant was applied to a Ni–NTA
aﬃnity column (Qiagen, USA). The supernatant was allowed to bind
to Ni–NTA column. The recombinant protein was eluted with
200 mM imidazole and analyzed by SDS–PAGE after washing the col-
umn with 5 bed-volumes of wash buﬀer containing 20 mM imidazole.
2.3. Electrophoretic mobility shift assay
Double-stranded oligonucleotides containing the predicted binding
motif (19 bp long) were end labeled with T4 polynucleotide kinase
and [32Pc]-ATP and were incubated with the puriﬁed recombinant
IdeR protein in a binding reaction mixture. The binding reaction mix-
ture (20-ll total volume) contains the DNA-binding buﬀer (20 mM
Tris–HCl [pH 8.0], 2 mMDTT, 50 mMNaCl, 5 mMMgCl2, 50% glyc-
erol, and 5 lg of bovine serum albumin per ml), 10 lg of poly (dI–dC)
per ml (for non-speciﬁc binding) and 200 lMNiSO4. The reaction mix-
ture was incubated at room temperature for 30 min and loaded onto
7% polyacrylamide gel containing 1· Tris–borate–EDTA buﬀer. No
dye was added for loading. The gel was electrophoresed at 200 V for
2 h. Subsequently, the gel was dried and exposed to Storage Phosphor
Image Plates for 4 h. The image plates were subsequently scanned in
Storage Phosphor Imaging workstation.3. Results and discussion
3.1. IdeR from various species of actinobacteria shows a similar
DNA binding domain
In order to assess the rationale of usingM. tuberculosis IdeR
binding sites to identify the IdeR binding sites in other species,
IdeR-orthologs from actinobacteria were aligned with each
other using CLUSTALW. Alignment showed a very high se-
quence similarity at the N-terminal region which is involvedFig. 1. Alignment of IdeR orthologues from diﬀerent species of actinobact
shadow show identity and the gray show similarity. Two helices (labeled asin DNA binding (Fig. 1). This suggests that the target DNA
motifs in various genomes can be recognized based on se-
quence recognition proﬁle generated from experimentally de-
ﬁned IdeR target motifs from M. tuberculosis.
3.2. In silico prediction of IdeR binding sites and target operons
A recognition proﬁle of experimentally deﬁned IdeR binding
sites (Table 1) fromM. tuberculosis was used to identify the po-
tential IdeR binding sites and downstream operons/genes in
genomes of M. avium subsp. paratuberculosis (Tables 2 and
3), M. smegamatis (Tables 4 and 5), M. leprae (Tables 6 and
7). Function for the proteins encoded by these genes were pre-
dicted by RPS-BLAST (reversed position speciﬁc-basic local
alignment search tool) search against conserved domain data-
base [14]. Table 8 lists the distribution of orthologous genes of
IdeR regulated genes belonging to diﬀerent functional category
across the mycobacteria.eria reveals a highly conserved DNA binding domain The arial black
helix) are part of helix turn helix that assists in IdeR box recognition.
Table 2
Predicted IdeR binding sites in M avium subsp. paratuberculosis
Score Position Binding site Gene Synonym Product
6.41034 184 TTAGGTTAGACTCACCTAA – MAP1594c Hypothetical protein
6.35589 243 ATAGGCAAGGCTGCCCTAA – MAP1559c Hypothetical protein
6.33364 209 TTAGTGGAGTCTAACCTAA bfrA MAP1595 BfrA
6.22698 78 TTAGGTAAGCCTAAGTTAA pheA MAP0193 PheA
6.20315 32 TTAACTTAGGCTTACCTAA – MAP0192c Hypothetical protein
6.18548 94 TTAGCACAGGCTGCCCTTA mbtA MAP2178 MbtA
6.08146 202 TTAGGGCAGCCTTGCCTAT – MAP1560 Hypothetical protein
6.07653 25 ATAGGTTAGGCTACATTTA trpE2 MAP2205c TrpE2
5.89751 46 ATAGTGCACACTATCCTAA – MAP2052c Hypothetical protein
5.85458 32 TAAGGGCAGCCTGTGCTAA mbtB MAP2177c MbtB
5.81294 55 TTAGGTAAGCCTAGCATCC – MAP0794 Hypothetical protein
5.80159 27 TTAGGTACGGCTAGCCTCA – MAP0024c Hypothetical protein
5.75148 12 TTAGGTAAACCTTGGCTAT – MAP4065 Hypothetical protein
5.74424 285 ATAGCCAAGGTTTACCTAA – MAP4064c Hypothetical protein
5.7243 38 GGATGCTAGGCTTACCTAA – MAP0793c Hypothetical protein
5.71252 56 TTTAGCTAGGCTACGCTAA – MAP1762c Hypothetical protein
5.65231 341 TAAGGCTAGCGTTGCCTAA fadD33_2 MAP1554c Fadd33_2
5.65231 79 TAAGGCTAGCGTTGCCTAA – MAP1555c Hypothetical protein
5.63035 65 TTATGCAATGCTAACTTCA – MAP3778 Hypothetical protein
5.61853 90 ATAGAGAATACTATTCTCA – MAP0680 Hypothetical protein
5.61329 26 GCAGGTCAGGCTACCGTTA murB MAP3975 MurB
5.50085 182 TTTGGTAAGGCAACCCTTA – MAP2414c Hypothetical protein
5.47614 189 CTACGCCAACCTCACCTTA – MAP2111c Hypothetical protein
5.47185 49 TTCGGTGACGCTAGACTGA – MAP2908c Hypothetical protein
5.45568 43 TGAGGCTAGCCGTACCTAA – MAP0025 Hypothetical protein
5.39833 56 TTAGGGAAAGCTTAGGTAT – MAP2018c Hypothetical protein
5.38891 31 TTACGTCAAGCTGGCCTTC viuB MAP2960c ViuB
Table 3
Predicted IdeR regulated operons in M. avium subsp. paratuberculosis
Synonym Gene COG no. Product
MAP1594c – – Bacterioferritin-associated ferredoxin
MAP1595 bfrA COG2193 BfrA
MAP1558c – COG0501 Zn-dependent protease
MAP1559c – COG3682 Transcription regulator
MAP1560 – COG2050 Possibly involved in aromatic compounds catabolism
MAP0191c – COG1316 Hypothetical protein
MAP0192c – COG4175 Hypothetical protein
MAP0193 pheA COG0077 PheA
MAP0194 – COG0406 Fructose-2,6-bisphosphatase
MAP2169c mbtH_3 COG3251 MbtH_3
MAP2170c mbtG COG3486 MbtG
MAP2171c mbtF COG1020 MbtF
MAP2172c – COG1020 Putative non-ribosomal peptide synthetase
MAP2173c mbtE COG1020 MbtE
MAP2174c mbtD COG3321 MbtD
MAP2175c mbtC COG3321 MbtC
MAP2176c – COG3208 Thio esterase (similar to mbtB)
MAP2177c mbtB COG1020 MbtB
MAP2178 mbtA COG1021 MbtA
MAP2179 – – Hypothetical protein
MAP2205c trpE2 COG0147 TrpE2
MAP2206 – COG3329 Predicted permease
MAP2051c – COG2124 Cytochrome P450 monooxygenase
MAP2052c – – Bacterial regulatory proteins, tetR family
MAP2053 – – Hypothetical protein
(continued on next page)
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Table 3 (continued)
Synonym Gene COG no. Product
MAP0791c – COG2226 Hypothetical protein
MAP0792c – COG2141 F420-dependent N5,N10-methylene tetrahydromethanopterin reductase
MAP0793c – COG0654 Monooxygenase, FAD-binding
MAP0794 – COG1309 Bacterial regulatory proteins, tetR family
MAP0795 – COG2141 Luciferase-like monooxygenase
MAP0024c – COG5651 PPE-repeat proteins
MAP0025 – COG0236 Acyl carrier protein
MAP0026 fadD33_1 COG0318 FadD33_1
MAP4064c – COG3315 O-Methyltransferase involved in polyketide biosynthesis
MAP4065 – COG1914 Mramp
MAP1760c – COG2837 Predicted iron-dependent peroxidase
MAP1761c – COG2822 Predicted periplasmic lipoprotein involved in iron transport
MAP1762c – COG0672 FTR1, high-aﬃnity Fe2+/Pb2+ permease
MAP1553c fadE14 COG1960 FadE14
MAP1554c fadD33_2 COG0318 FadD33_2
MAP1555c – COG0236 Acyl carrier protein
MAP3777 – COG3315 O-Methyltransferase involved in polyketide biosynthesis
MAP3778 – COG0464 Hypothetical protein
MAP3779 –
MAP3780 –
MAP3781 –
MAP0677c – COG2159 Hypothetical protein
MAP0678c – COG2329 Enzyme involved in biosynthesis of extracellular polysaccharides
MAP0679c fdxB COG0633 FdxB
MAP0680 – COG0318 Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II
MAP0681 – COG1960 Acyl-CoA dehydrogenase
MAP0682 – COG1960 Putative acyl-CoA dehydrogenase
MAP0683 – COG1024 Enoyl-CoA hydratase/isomerase family
MAP3973c – COG0388 Predicted amidohydrolase
MAP3974c – COG3832 Predicted lactoylglutathione lyase
MAP3975 murB COG0812 MurB
MAP3976 – COG1376 Putative lipoprotein
MAP2412c – COG3173 Predicted aminoglycoside phosphotransferase
MAP2413c – COG1132 ABC-type multidrug/protein/lipid transport system
MAP2414c – COG1132 ABC-type multidrug/protein/lipid transport system
MAP2109c – COG2516 Predicted Fe–S oxidoreductases
MAP2110c – COG1575 1,4-Dihydroxy-2-naphthoate octaprenyltransferase
MAP2111c – COG1463 ABC-type transport system, resistance to organic solvents, periplasmic
MAP2958c xerC COG4974 XerC
MAP2959c – COG1304 L-Lactate dehydrogenase
MAP2960c viuB COG2375 ViuB
Note: Genes that are part of an operon are together.
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A sample of predicted regulator binding motifs in (Table 6)
upstream sequences of the M. smegmatis genes that code for
a hypothetical protein (MSMEG6382), periplasmic compo-
nent of ABC-type Fe3+-hydroxamate transport system
(MSMEG0020), iron utilization protein (MSMEG5028 and
MSMEG0011) and a predicted 4-Hydroxy benzoyl co-A
hydrolase (MSMEG3634) were experimentally veriﬁed by
EMSA using recombinant IdeR from M. tuberculosis. Double
stranded 19-mer synthetic oligonucleotides corresponding to
the predicted DNA-binding sites were labeled with [32Pc]-ATP and mixed with puriﬁed IdeR in presence of Nickel ions
and was assayed for the formation of DNA–protein complex
using EMSA. Nickel was used as the divalent metal in the
binding reactions on account of its redox stability compared
with ferrous ion. IdeR is able to retard the electrophoretic
mobility of all the double stranded oligonucleotides though
the level of aﬃnity may vary (Fig. 2). A synthetic motif-ds
(5 0-TTTTCATGAAGTCTTCTAA-3 0), which was used as a
negative control, did not show any complex formation. These
results indicate that the predicted IdeR-binding sites can in-
deed bind to IdeR.
Table 5
Predicted IdeR regulated operons in M. leprae
Gene Synonym COG no. Product
– ML2063 COG3682 Possible regulator
– ML2064 COG0501 Integral membrane protein
– ML2035 – Amycolatopsis Mediterranei U32 Nacd Nitrite Reductase
bfrA ML2038 COG2193 Bacterioferritin
hisE ML1309 COG0140 Phosphoribosyl-ATP pyrophosphatase
hisG ML1310 COG0040 ATP phosphoribosyltransferase
– ML2446 COG1376 Possible lipoprotein
murB ML2447 COG0812 UDP-N-acetylenolpyruvoylglucosamine reductase
ML1488 COG0436 Putative aspartate aminotransferase [EC:2.6.1.1]
fdxA ML1489 COG1146 Ferredoxin
– ML0450 COG0214 Putative pyridoxine biosynthesis protein
– ML0451 COG0494 NTP pyrophosphohydrolases including
– ML0452 COG0438 Putative glycosyltransferase
– ML0453 COG1560 Phosphatidylinositol synthase Pgsa
glpK ML2314 COG0554 Glycerol kinase
gltS ML1688 COG0008 Glutamyl-Trna synthase
– ML1689 COG0179 Possible hydrolase
ilvG ML2083 COG0028 Acetolactate synthase II
– ML0589 COG0842 ABC-type multidrug transport system
– ML0590 COG1131 ABC-type multidrug transport system
– ML0591 – Putative membrane protein
– ML2534 – PE-family protein
– ML2535 COG1674 DNA segregation Atpase Ftsk/Spoiiie
– ML2536 – Conserved membrane protein
– ML2537 COG0464 Atpase, AAA family
Note: Genes that are part of an operon are together.
Table 4
Predicted IdeR binding sites in M. leprae
Score Position Binding site Gene Synonym Product
4.91319 213 ATAGGCAAGGCTGCCCTAA – ML2063 Possible regulator
4.8888 269 TTAGTGGAGTCTAACCTAA bfrA ML2038 Bacterioferritin
4.57039 208 CGAGGTTAGACTAAGCTAA hisE ML130 Phosphoribosyl-ATP pyrophosphatase
4.49503 6 GTAGGCCAGTCTATCGTTA murB ML2447 UDP-N-acetylenolpyruvoylglucosamine reductase
4.292 243 GTATCCTAGGCTAGCCTGG fdxA ML1489 Ferredoxin (Fe–S co-factor)
4.25015 69 CCAGACCAGGCTACCCTAG – ML0453 Conserved hypothetical protein
4.22436 69 GGATGACAGGCTGACCTGA glpK ML2314 Glycerol kinase
4.19852 78 TTACGCTAGTCTCAAGTAA – ML1689 Possible hydrolase
4.14559 361 TTATACAAGTCTTTGCTTT ilvG ML2083 Acetolactate synthase II
4.13935 130 CTAGGGAAGGGTACCCTCG – ML0591 Putative membrane protein
4.12623 158 CTCGCGGAGCCTTCGCTGA – ML2158 Hypothetical protein
4.12616 7 TTAGCTTACGCAATGCTAA – ML2537 Conserved hypothetical protein
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species
A comparative analysis of IdeR target genes in various
mycobacteria enabled us to identify the common iron depen-
dent genes. Conservation of these genes in the predicted IdeR
regulons suggests an important role of their cognate gene
products in iron metabolism.
Orthlogues of the pheA (Rv3838c) and Rv3837c in Myco-
bacterium species are predicted to be regulated by IdeR (Ta-
ble 8). The gene pheA codes for a predicted prephenate
dehydratase and other gene Rv3837 codes for 2,3-PDG
dependent phosphoglycerate mutase. They both belong tothe same operon and are likely to be involved in similar
function.
The gene trpE2 (Rv2386c) is conserved across the predicted
IdeR regulons (Table 8). The gene trpE2 has been predicted to
code for an isochorismate synthase that can catalyze the con-
version of chorismate to isochorismate, the precursor for salic-
ylate [15]. Later its orthologue ybtS in Yersinia enterocolitica
has been suggested to catalyze formation of salicylate from
chorismate [16].
The genes that code for an iron storage protein (BfrA), sid-
erophore biosynthesis and siderophore transport system are
also conserved across the IdeR regulon of mycobacteria (Table
Table 6
Predicted IdeR binding sites in M. smegmatis
Score Position Binding site Synonym Product
6.1538 204 TTAGCGGAGTCTAACCTTA MSMEG3564 Bacterioferritin
6.13839 95 TTAGCACAGGCTGTCCTAA MSMEG4510 MbtA
6.13198 148 TTAGGCAACGCTAAGCTAA MSMEG5992 Hypothetical protein
6.07216 22 TTAGGACAGCCTGTGCTAA MSMEG4509 Dihydroaeruginoic acid synthetase
6.06436 62 TTAAGTTAGGCTTACCTCA MSMEG6382 Conserved hypothetical protein
6.04681 142 TTAGGGAAGCCTTGCCTAT MSMEG3634 Predicted 4-hydroxy benzoyl co-A hydrolase
5.97454 10 CTAGGTTAGGCTACATTTA MSMEG4518 TrpE2
5.9718 67 TTAGGTAACGCTGACCTCA MSMEG6385 BfrB
5.95729 185 ATAGCGAAGGCTAACCTAT MSMEG0020 FxuD protein
5.84773 85 ATAGGTTAGCCTTCGCTAT MSMEG0021 Aspartate 1-decarboxylase
5.82649 62 TGAGGTAAGCCTAACTTAA MSMEG6381 PheA
5.802 190 TAAGGTTAGACTCCGCTAA MSMEG3566 Fadd16
5.77512 31 TAAGGGTACGCTTACCTTA MSMEG5028 Iron utilization protein
5.74281 37 TAAGCCTAGCCTACCTTAA MSMEG2135 Acyl carrier protein Acp
5.71354 146 ATAGGTAAGCCTAACTTTG MSMEG1669 SdhC
5.69514 51 CAAAGTTAGGCTTTCCTTA MSMEG2263 Transcriptional activator Benr
5.66394 130 GAAGGTAAAGCTACCCTCA MSMEG2132 Siderophore biosynthesis protein
5.55146 36 TGAGGCTAGCCTTCGTTAA MSMEG0093 Hypothetical protein
5.54236 375 GTCGGCAAGCCTTTCCTGA MSMEG6536 b-Lactamase
5.49362 53 GTAGAGCAGTCTCACCTAG MSMEG5650 Citrate synthase I
5.47364 278 CCAGGAAAGGCTCAACTGA MSMEG6837 Enoyl-Coa hydratase
5.44417 91 CAAAGTTAGGCTTACCTAT MSMEG1670 Cytidine deaminase
5.43696 57 TTAGCTTAGGCATACATAA MSMEG0605 ATPase
5.42989 20 TTAGGTTACCCTCAGCTGT MSMEG0011 Iron utilization protein
5.41895 325 GTAGGTCAATCTCAGCTCA MSMEG1984 Conserved hypothetical protein
5.40656 34 TATAGTAAGGCTAACCTAA MSMEG3635 Hypothetical protein
5.39683 12 CAAGGCTAGCCAAGGCTAA MSMEG5398 Membrane protein
5.37462 170 TTAGCCTTGGCTAGCCTTG MSMEG5396 Conserved hypothetical protein
5.32741 115 ATTGGTAAGCCTTACCTTT MSMEG0016 MbtH protein–related protein
5.29507 71 GTAGCTAATTCTGTCCTTC MSMEG3327 Monooxygenase
5.29163 78 CCAAGCGAGGCTGGCCTCA MSMEG2989 Hypothetical protein
5.27999 258 CGAGGGCAGTCTGTCCTTC MSMEG0436 Peptidyl-arginine deiminase superfamily
5.27347 47 ATAAGCAAAGCTATCGTCA MSMEG3668 Antifungal protein precursor
5.2614 337 TGAGGTAAACCTAATCTTG MSMEG3643 CBS domain protein
5.26078 50 TTTGGCAAGGCTATCGTTG MSMEG1947 Uncharacterized membrane proteins
5.19307 88 CGAGCACACGCTGGCCTCA MSMEG2501 ABC transporter
5.19306 72 CAAGATTAGGTTTACCTCA MSMEG3642 Iron ABC transporter
2572 S. Yellaboina et al. / FEBS Letters 580 (2006) 2567–25768). The mycobactin biosynthesis operon is conserved across the
IdeR regulons of mycobacteria, whereas the exochelin biosyn-
thesis operon is present only in IdeR regulon ofM. smegmatis.
The operon containing the genes Rv0282, Rv0283, and
Rv0284 is also conserved across the predicted IdeR regulon
of mycobacteria (Table 8). The gene Rv0282 predicted to code
FtsK, a protein implicated to have role in cell division and pep-
tidoglycan synthesis or modiﬁcation [17,18]. The gene Rv0283
codes for a hypothetical protein. The gene Rv0284 code for
the protein belonging to the AAA-superfamily of ATPases
associated with a wide variety of cellular activities, including
membrane fusion, proteolysis, and DNA replication [19].
Genes Rv1847 and Rv1846c were reported to have strong
predicted IdeR binding site [13] are divergently transcribed in
M. tuberculosis. Their cognate orthologues in other mycobacte-
ria also show strong predicted IdeR binding site. Conservation
of these genes across the predicted IdeR regulons of mycobac-
teria suggests that the genes could be potential targets of IdeR
and could play impartant role in iron metabolism (Table 8).
The gene Rv1847 code for a predicted 4-hydroxy benzoyl
coA thioesterase (paaI) and its downstream genes code for sub-
units of urease. Homologs of Rv1847 are widely distributed in
sequenced genomes of bacteria, but none of them are charac-
terized. Homologue of Rv1847 in E. coli is known as ybdB,
which is associated with the genes entA, entB, entE and entC
that code for the enzymes involved in siderophore (enteroch-elin) biosynthesis. Hence, it is likely that product of Rv1847
and its orthologs might be involved in the siderophore biosyn-
thesis pathway.
The genes Rv1846c–Rv1845c and their cognate orthologs in
other mycobacteria belong to the same operon. The gene
Rv1846 codes for a BlaI family of transcription regulator
and the other gene Rv1845c code for BlaR1 family of protein.
The two families of proteins together confer resistance to vari-
ety of b-lactum antibiotics and widely distributed in patho-
genic bacteria. In Staphylococcus aureus, BlaR1 family of
protein MecR1, present in the cytoplasmic membrane, detects
the presence of the b-lactum by means of an extracellular pen-
icillin binding-domain and transmits the signal via a second
intracellular zinc metalloprotease signaling domain. Binding
of a b-lactum to MecR1 stimulates the autocatalytic conver-
sion of intracellular zinc metalloprotease signaling domain of
MecR1 from an inactive proenzyme to an active protease.
The activated form of MecR1 cleaves BlaI family of transcrip-
tion regulator, MecI and de-represses the transcription of b-
lactamase [20,21]. It would be interesting to study what role
these gene play in mycobacteria.
3.5. Iron regulated genes that are present in other
Mycobacterium species but not in M. tuberculosis
Analysis of genes that are under the control of IdeR in M.
avium and M. smegmatis reveals novel iron regulated genes,
able 7
redicted IdeR regulated operons in M. smegmatis
ene Product
SMEG3564 Bacterioferritin
SMEG4502 MbtH protein–related protein
SMEG4503 MbtG
SMEG4504 Peptide synthetase
SMEG4505 Peptide synthetase
SMEG4506 Polyketide synthase
SMEG4507 Polyketide synthase
SMEG4508 Dihydroaeruginoic acid synthetase
SMEG4509 Dihydroaeruginoic acid synthetase
SMEG4510 MbtA
SMEG5992 Hypothetical protein
SMEG5993* Hypothetical protein
SMEG6380 Phosphoglycerate mutase family
SMEG6381 PheA
SMEG6382 Conserved hypothetical protein
SMEG6383 Hypothetical membrane protein
SMEG3630 Urease accessory protein UreF
SMEG3631 Urease
SMEG3632 Urease
SMEG3633 Urease
SMEG3634 Predicted 4-hydroxy benzoyl co-A hydrolase
SMEG3635 Hypothetical protein
SMEG3636 Transcription regulator
SMEG3637 Peptidase family M48 family
SMEG4517 Ismsm2
SMEG4518 TrpE2
SMEG6385 BfrB
SMEG0011 Iron utilization protein
SMEG0012 Ferric exochelin uptake (FxuC)
SMEG0013 Ferric exochelin uptake (FxuA)
SMEG0014 Ferric exochelin uptake (FxuB)
SMEG0015 Ferric exochelin biosynthesis (FxbA)
SMEG0016 MbtH protein–related protein
SMEG0017 Exit protein
SMEG0018 Exit protein
SMEG0019 Peptide synthetase homolog
SMEG0020 FxuD protein
SMEG0021 Aspartate 1-decarboxylase
SMEG0022 L-Ornithine N5-Oxygenase
SMEG3565 Hypothetical protein
SMEG3566 Fadd16
SMEG3567 BFD-like [2Fe–2S] binding domain family
SMEG5028 Iron utilization protein
SMEG2133 FadE13
SMEG2134 AMP-binding family protein
SMEG2135 Acyl carrier protein Acp
SMEG1666 SdhB
SMEG1667 Succinate dehydrogenase
SMEG1668 Succinate dehydrogenase
SMEG1669 SdhC
Table 7 (continued)
Gene Product
MSMEG1670 Cytidine deaminase
MSMEG2263 BenABC operon transcriptional activator BenR
MSMEG2132 Siderophore biosynthesis protein
MSMEG0093 Hypothetical protein
MSMEG6536 b-Lactamase
MSMEG5650 Citrate synthase I
MSMEG6837 Enoyl-Coa hydratase
MSMEG0605 ATPase
MSMEG0606 Protein of unknown function (DUF690)
superfamily
MSMEG0607 Ftsk/SpoIIIE family protein
MSMEG0608 PE
MSMEG0609 PPE family domain protein
MSMEG0610 PE family protein
MSMEG0611 Conserved hypothetical protein
MSMEG1983 Monooxygenase
MSMEG1984 Conserved hypothetical protein
MSMEG1985 AMP-binding domain protein
MSMEG5398 Membrane protein
MSMEG5399 Putative lipoprotein
MSMEG5394 Protein of unknown function (DUF501) family
MSMEG5395 Enolase
MSMEG5396 Conserved hypothetical protein
MSMEG5398 FTR1, high-aﬃnity Fe2+/Pb2+ permease
MSMEG5399 Predicted periplasmic lipoprotein involved in
iron transport
MSMEG5310 Predicted iron-dependent peroxidase
MSMEG3326 Drug transporter
MSMEG3327 Monooxygenase
MSMEG3328 Repressor protein
MSMEG2989 Hypothetical protein
MSMEG0436 Porphyromonas-type peptidyl-arginine
deiminase superfamily
MSMEG0437 Conserved hypothetical protein
MSMEG0438 Amino acid permease
MSMEG3668 Antifungal protein precursor
MSMEG3640 Iron(III) ABC transporter
MSMEG3641 Iron ABC transporter
MSMEG3642 Iron ABC transporter
MSMEG3643 CBS domain protein
MSMEG3644 CBS domain protein
MSMEG3645 Conserved hypothetical protein
MSMEG3646 Malate synthase G
MSMEG3647 Conserved hypothetical protein
MSMEG1947 Uncharacterized membrane proteins
Note: Genes that are part of an operon are together.
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M(continued on next page)predicted to be involved in iron transport. These include the
genes that code for a predicted iron permease (MAP1761c,
MSMEG5398), iron transporter (MAP1761c, MSMEG5399)
Table 8
Distribution of orthologues of IdeR regulated genes across mycobacteria
Gene Mtub Mavi Mlep Msme
Aromatic amino acid metabolism
pheA Rv3838c MAP0193 *ML0078 MSMEG6381
fbp Rv3837c MAP0194 *ML0079 MSMEG6380
hisE Rv2122c *MAP1847c ML1309 *MSMEG4186
hisG Rv2121c *MAP1846c ML1310 *MSMEG4185
trpE2 Rv2386c MAP2205c - MSMEG4518
paaI Rv1847 MAP1560 - MSMEG3634
Urease
ureA Rv1848 - - MSMEG3633
ureB Rv1849 - - MSMEG3632
ureC Rv1850 - - MSMEG3631
ureF Rv1851 - - MSMEG3630
uerG Rv1852 - - *MSMEG3628
ureD Rv1853 - - *MSMEG1084
Fatty acid metabolism
fadD Rv1344 MAP1555c - MSMEG2135
fadE Rv1345 MAP1554c - MSMEG2134
fadB Rv1346 MAP1553c - MSMEG2133
Cell wall biosynthesis
- Rv1347 *MAP3149c - MSMEG2132
murB Rv0482 MAP3975 ML2447 MSMEG0920
Siderophore biosynthesis
mbtJ Rv2385 MAP2197 - -
mbtA Rv2384 MAP2178 - MSMEG4510
mbtB Rv2383c MAP2177c - MSMEG4509
mbtC Rv2382c MAP2175c - MSMEG4507
mbtD Rv2381c MAP2174c - MSMEG4506
mbtE Rv2380c MAP2173c - MSMEG4505
mbtF Rv2379c MAP2171c - MSMEG4504
mbtG Rv2378c MAP2170c - MSMEG4503
mbtH Rv2377c MAP1872c - MSMEG4502
Siderophore transport
- Rv1348 MAP2414c - MSMEG6516
- Rv1349 MAP2413c - MSMEG6515
fecB Rv3044 MAP3092 ML1729 *MSMEG2319
Iron storage
bfrA Rv1876 MAP1595 ML2038 MSMEG3564
bfrB Rv3841 - - MSMEG6385
Transmembrane transport
mmpL4 Rv0450c *MAP3751 *ML2378 -
mmpS4 Rv0451c *MAP1241c *ML2377 *MSMEG0373
Membrane proteins
Rv0282 MAP3778 ML2537 MSMEG0605
Rv0283 MAP3779 ML2536 MSMEG0606
Rv0284 MAP3780 ML2535 MSMEG0607
Transcription regulators
- Rv1846c MAP1559c ML2063 MSMEG3636
- Rv1845c MAP1558c ML2064 MSMEG3637
- Rv1404 MAP1131 ML0550 MSMEG5546
acrR Rv0452 *MAP3945 - -
PPE family
- Rv2123 - - -
Hypothetical proteins
- Rv3402c - - *MSMEG2303
- Rv3403c - - -
- Rv2663 - - -
Notes: 1. Genes that are part of an operon are together. 2. ‘-’ Represents, corresponding orthologs are not present in the genome. 3. ‘*’ Represents,
upstream sequence of corresponding genes do not have predicted IdeR bindings site. 4. Mtub – Mycobacterium tuberculosis; Mavi – Mycobacterium
avium subsp. paratuberculosis; Mlep – Mycobacterium leprae; Msme – Mycobacterium smegmatis.
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Fig. 2. IdeR binds to the predicted IdeR binding regulatory motifs in
M. smegmatis. The lanes indicated by (-) have the probe alone without
IdeR. Increasing concentration of IdeR was added to 32P-labelled
DNA probes in the presence of 200 lM Ni2+ and complexes were
resolved on a 7% Tris–borate polyacrylamide gel. Binding conditions
and gel electrophoresis are described in Section 2. (A) Radiolabeled
IdeR binding motif (ds-5 0TTAGGATAGCTTTACCTAA-3 0) as posi-
tive control (lanes 1–4), radiolabeled MSMEG0020 motif (lanes 5–8),
radiolabeled motif without IdeR binding site (5 0-TTTTCAT-
GAAGTCTTCTAA-3 0) (lanes 9–12), IdeR was added in increasing
concentration from 0 to 10 pmol. (B) Radiolabeled MSMEG5028
motif (lanes 1–4), radiolabeled IdeR binding motif (lanes 5–8),
radiolabeled MSMEG3634 motif (lanes 9–12), radiolabeled motif
without IdeR binding site (lanes 13–16). (C) Radiolabeled
MSMEG0011 motif (lanes 1–4), radiolabeled IdeR binding motif
(lanes 5–8), radiolabeled MSMEG6382 motif (lanes 9–12), radiola-
beled motif without IdeR binding site (lanes 13–16). IdeR was added in
increasing concentration from 5 to 20 pmol (B and C).
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These genes are part of same operon and are well represented
in sequenced bacterial genomes. They could play a similar role
in iron transport as reported in case of Candida albicans and
Saccaromyces cerviciae [22,23]. Further, the peroxidase depen-
dent iron transport system could also have role in peroxide
stress defense.
In addition to the peroxidase dependent transport system,
IdeR can also regulate the genes that code for predicted
siderophore interacting protein (nfa7590, MSMEG5028,
MSMEG0011) and Mycobacterium natural-resistance-associ-
ated macrophage protein, Mramp (MAP4065), in M. avium
subsp. paratuberculosis. The genes that code for the siderophore
interacting protein are similar to the viuB of Vibrio cholerae
[24]. The protein, Mramp, is an ortholog of natural-resis-
tance-associated macrophage protein (Nramp) and is known
to compete with later for the same divalent-cations, for intracel-
lular survival of mycobacteria [25].3.6. Iron regulated genes that are speciﬁc to M. tuberculosis
The genes Rv0450c (mmpL4), Rv0451c (mmpS4), Rv3402c,
Rv3403c, Rv2123 (PPE), and Rv2663 are speciﬁc to IdeR reg-
ulon of pathogenic Mycobacterium, M. tuberculosis. The pro-
tein, MmpL4, belongs to a family of MmpL proteins that
are known to have a role in virulence and drug resistance [26].4. Summary
Computational analysis of IdeR regulated genes across the
mycobacteria has lead to identiﬁcation of many conserved iron
regulated genes. These include genes involved in aromatic ami-
no acid metabolism, fatty acid metabolism, siderophore bio-
synthesis, siderophore transport as well as iron storage. The
genes, which code for predicted 4-Hydroxy benzoyl coA
hydrolase (Rv1847), and a protease dependent antibiotic regu-
latory system (Rv1846c, Rv0185c) were also observed as one of
the most conserved IdeR regulated genes. In addition, IdeR
can also regulate the genes that code for predicted citrate
dependent iron transport system (FecB), siderophore interact-
ing protein (ViuB). Analysis of IdeR regulated genes in M.
avium subsp. paratuberculosis and M. smegmatis identiﬁes no-
vel iron regulated genes, which code for predicted iron perme-
ase, iron transporter and iron dependent peroxidase, which
could be involved in iron transport, peroxide stress defense
and control of intracellular iron levels. We also predicted the
gene encoding natural-resistance-associated macrophage pro-
tein (Mramp) in M. avium subsp. Paratuberculosis and an op-
eron for the biosynthesis of exochelin in M. smegmatis to be
iron regulated.
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